Deubiquitinating enzymes (DUBs) are cysteine protease proteins that reverse the ubiquitination by removing ubiquitins from the target protein. With over 100 DUBs identified and categorized into at least 7 families, many DUBs interact with one or more cytokines, influencing cellular processes, such as antiviral responses, inflammatory responses, apoptosis, etc. While some DUBs influence cytokine pathway or production, some DUBs are cytokine-inducible. In this article, we summarize a list of DUBs, their interaction with cytokines, target proteins and mechanisms of action.
Introduction
Ubiquitination and deubiquitination are post-translational modifications for numerous proteins, which in turn affect many physiological processes. Ubiquitination is defined as an attachment of one or more ubiquitin (Ub) molecules onto the target protein through the function of a series of proteins: E1, E2 and E3 ( Fig. 1) [1] . Seven lysine residues have been identified (K6, K11, K27, K29, K33, K48 and K63) on the ubiquitin molecule [2] . Also, additional Ub molecules can be attached onto one of the seven lysine residues or the N-terminal methionine to form polyubiquitin chains (polyUb) [2, 3] . Perhaps, Ub is most well-known as the crucial marker of the Ubiquitin-Proteasome System (UPS), in which ubiquitinated proteins enter proteasomal degradation via 26S proteasome ( Fig. 1) [3] . However, Ub also affects many other aspects of tagged proteins, such as localization, protein interaction, function, etc. [3] . On the other hand, deubiquitination refers to the process that reverses ubiquitination via deubiquitinating enzymes (DUBs) (Fig. 1 ). Little less than 100 human DUBs have been identified so far [4] . DUBs were categorized into five different families in the past [5] , but at least seven different families are identified as of now, which include the ubiquitin-specific protease (USP), ubiquitin carboxyl-terminal hydrolase (UCH), Machado-Josephin disease protein (MJD), ovarian tumor (OTU), JAB1/MPN/Mov34 (JAMM), permutated papain fold peptidases of dsRNA viruses and eukaryotes (PPPDE) and MIU-containing novel DUB family (MINDY) [6, 7] .
Cytokines are groups of small proteins that play a role in cell signaling and immune system by binding to their respective receptors. Since DUBs regulate diverse physiological processes, it was to be expected that DUBs and cytokines affect one another. As anticipated, the more studies were performed regarding the functions of DUBs, the more interaction between DUBs and cytokines were revealed. Recently, several reviews dealing with how DUBs affect pathway of a specific cytokine were published [8] [9] [10] , but none has yet introduced as a whole the interaction between DUBs and cytokines. In this review, we wish to provide a brief overview of the DUBs discovered to regulate cytokine signaling pathways and cytokine-inducible DUBs. We will discuss the DUBs that influence the pathways of interferons (IFN), tumor necrosis factors (TNF), TNF-related apoptosis-inducing ligand (TRAIL), interleukins (IL) and chemokines.
IFN signaling pathways
IFN-α and IFN-β cytokines belong to type I IFN family that are essential for antiviral responses, cancer, inflammation, etc. [11] . When a cell recognizes a viral infection through detecting IFN-stimulating signaling molecules or foreign double stranded DNA in the cytosol, retinoic acid-inducible gene-I (RIG-I) is activated, triggering the cascade of the second messenger system to activate and translate IFN-α and IFNβ signaling pathways (Fig. 2) [12] . DUBs interact with some of the key molecules in the IFN signaling pathway, which include, but are not limited to, RIG-I, stimulator of interferon genes (STING), tumor necrosis factor receptor-associated factors (TRAFs), interferon regulatory factor are summarized in Table 1 . We will discuss the DUBs in the order of IFN signaling pathway shown in Fig. 1 .
The first group of DUBs are those that deubiquitinate RIG-I to inhibit the production of IFN. RIG-I is a cytosolic protein that plays a significant role in IFN signaling by detecting viral DNA and RNA [13, 14] , which is then ubiquitinated by tripartite motif (TRIM) to activate the signaling cascade to synthesize IFN [15] . ORF64, USP25, USP21, USP15, USP3, Cylindromatosis (CYLD), porcine epidemic diarrhea virus papain-like protease 2 (PEDV PLP2) and transmissible gastroenteritis virus papain-like protease1 (TGEV PL1) are the DUBs found to deubiquitinate RIG-I. We will discuss them one by one.
USP15
In a study using HEK293 T cells and Sendai virus (SeV), knockdown of the gene transcribing USP15 resulted in upregulation of type I IFN, while overexpression of USP15 decreased type I interferon as USP15 showed dose-dependent inhibition of IFN-β [16] . Further experiment supported the idea that USP15 deubiquitinates K63-polyUb from RIG-I [16] . However, when the effects of USP15 with a mutated catalytic site and wild type USP15 were compared, the results were surprisingly similar, indicating that USP15's catalytic activity is not necessary for it to inhibit IFN synthesis [16] .
ORF64
ORF64 is a DUB activity containing tegument protein, found within Kaposi's sarcoma-associated herpesvirus (KSHV) and murine gamma herpesvirus 68 (MHV68) [17, 18] . The expression of KSHV ORF64 in HEK293 T cells led to suppression of both RIG-I-induced and SeV infection-induced IFN-β promoter activation [18] . On the contrary, KSHV ORF64-C29 G mutant, with defective deubiquitinating activity, resulted in lesser to no suppression, confirming the influence of ORF64 on the IFN synthesis [18] . Also, the overexpression of TRIM25, but not the mutant TRIM25, reversed the ORF64's effect on IFN production and reverted the ubiquitination of RIG-I, further confirming the result [18] . It is also noteworthy that ORF64 was not capable of suppressing MAVS-induced activation of IFN-β production [18] . When MHV68 infected bone marrow derived dendritic cells (BMDC) were induced by MCMV and HSV-1 for type I IFN induction, no IFN was detected, but TNF-α, IL-6 and IL-1β were expressed upon high dose stimulation [19] . This provided evidence that MHV68 induced innate immunity of the host to a lesser extent [19] . On the other hand, ORF64 mutant MHV68 stimulated innate immune response [19] . By utilizing DUB activity of ORF64, MHV68 blocked viral DNA induced, STING-mediated IFN production [19] .
USP25
In a study performed by Zhong et el, USP25, too, was found to deubiquitinate RIG-I and reduce SeV-induced IFN-β production in HEK293 T cell line [20] . Knockdown of USP25 gene also led to augmentation of ISRE promoter upon SeV induction [20] . Mutating the catalytic residue of USP25 was sufficient to block USP25's effect on IFNβ induction, supporting that IFN-β suppression via USP25 is DUB activity dependent [20] . USP25 targeted not only RIG-I for deubiquitination, but also extended to TRAF2 [20] , TRAF3 [21, 22] and TRAF6 [20] and to affect IFN signaling. USP25 also deubiquitinated TRAF5 and TRAF6 to regulate in IL-17 signaling [23] . However, some studies have given different results regarding USP25's ability to deubiquitinate TRAF6. Lin et al. stimulated Usp25 knockout BMDC with SeV or HSV-1 infection and added wild type (WT) USP25 or mutant USP25, but K48-Ub of TRAF6 did not differ from one another [21] . However, Zhong et al.'s study using HEK293 T cells supported deubiquitination of TRAF6 by USP25 [20] . This variance in the result may be caused by the difference of the cell line used for the studies. Furthermore, USP25 showed its ability to suppress phosphorylation of interferon regulatory factor 3 (IRF3) and p65, also contributing to inhibition of IFN promoter activation [20] .
USP21
Fan et al., knowing that USP21 inhibits RIG-I-induced IFN-β production, searched for its mechanism [24] . They unveiled that USP21
Fig. 1.
Mechanism of action of ubiquitin proteasome system and deubiquitinating enzymes. Ub attaches to the target protein by going through a series of reaction with E1 (ubiquitin activating), E2 (ubiquitin conjugating) and E3 (ubiquitin ligating) enzymes. A target protein could be ubiquitinated once or multiple times on lysine residues. 26S proteasome identifies target proteins with polyUb chain and degrades them into amino acid segments and reusable Ub. Ubiquitinated proteins could also be deubiquitinated by DUBs, resulting in a different fate.
inhibited ISRE reporter activity induced by SeV and RIG-I-CARD, but not by TANK-binding kinase 1 (TBK1) in mouse embryonic fibroblasts (MEF) cells [24] . USP21 deubiquitinated RIG-I in HEK293 T cells [24] . Also, they found that USP21's function regarding antiviral response is compatible in MEF and HEK293 T cell lines by introducing each cell line's USP21 to the other cell line and observing the effect [24] . USP21's specificity to RIG-I was also confirmed in HeLa cells through coimmunoprecipitation (co-IP) of USP21 with RIG-I, using rabbit polyclonal antibodies against USP21 [24] . USP21 also deubiquitinated MDA5 to inhibit antiviral response [24] .
USP3
USP3 is also a DUB that deubiquitinates K63-polyUb chain of both RIG-I and MDA5 and suppresses IFN-β activation [25] . USP3's effect was found viable in 293 T, THP-1, human peripheral blood mononuclear cells (PBMCs) and RAW264.7 cells, supporting that USP3's activity is viable in both human and murine cells [25] . USP3 did not inhibit MAVS, STING, TBK1, IRF3 and TIRF, as demonstrated by ISRE-luc activity induction test [25] . Also co-IP demonstrated the interaction between USP3 and stimulated RIG-I or MDA5, but not the unstimulated ones, supporting that ligand stimulation is required for USP3 to interact with RIG-I or MDA5 [25] . More specifically, Poly(I:C) (LMW) stimulation leads USP3 to have a strong interaction with RIG-I, but a weak one with MDA5, while Poly(I:C) (HMW) stimulation leads USP3 to have a strong interaction with MDA5, but a weak one with RIG-I [25] .
CYLD
CYLD is another DUB that removes K63-Ub chain from RIG-I to decrease the IFN production [26, 27] , but TBK1 and IKKε were also identified as the target of the deubiquitination of CYLD in 293 EBNA cells [27] , resulting in the same effect. CYLD also interacted with IPS-1 to negatively regulate it, but did not deubiquitinate it [27] . Schmid et al. found that in brain and peripheral blood of C57BL/6, the mRNA level of IFN-γ gene decreased with the knockdown of CYLD, while the serum concentration of IFN-γ increased [28] . A study conducted using human kidney mesangial cells (MC) showed slightly different results: silencing CYLD in MC cells and stimulating them with poly IC increased the toll-like receptor 3 (TLR3)-induced activation of RIG-I and MDA5 [26] ; however, the level of mRNA of RIG-I and MDA5 actually decreased [26] . The authors speculated this difference to be caused by the change in cell line used [26] , but further study is necessary to determine the cause. CYLD also decreased IFN promotor activation by deubiquitinating TRAF2 and TRAF6 in HEK293 T cells, respectively [29, 30] . CYLD in U2OS/NOD2 cells were found to deubiquitinate K63-Ub of RIPK proteins, especially RIPK2, to suppress NOD2-induced NF-κB activation [31] . When CYLD was suppressed, ubiquitinated receptor interacting protein kinase 1 (RIPK1), also called RIP1, and RIPK2 proteins accumulated within cells [31] .
PLPs
PLPs, first discovered in Coronavirus in 2005 [32] , are multifunctional proteins with DUB activity that are synthesized by many families of viruses that regulate IFN signaling pathway by interacting with RIG-I [33] [34] [35] [36] . Recently, the mechanism by which PEDV PLP2 suppresses IFN production in the host cell was identified. In HEK293 T cells, PEDV PLP2 was found to deubiquitinate RIG-I and STING, thereby affecting its downstream pathway, resulting in suppression of IFN production [35] . TGEV PL1 also was revealed to bind and deubiquitinate both RIG-I and STING in HEK293 T cells [36] . Studies on Middle East respiratory syndrome coronavirus encoded papain-like protease (MERS-CoV PL pro ) showed that it also has a DUB function [37] . This was supported by a study by Bailey-Elkin et al., in which they obtained the crystal structure of PL pro -Ub complex and showed that WT MERS-CoV PL pro , but not the DUB mutant PL pro , suppresses IFN-β promotor activity [33] . The targets of MERS-CoV PL pro were identified as RIG-I, MDA5 and MAVS [33, 34] . MERS-CoV PL pro and severe acute respiratory syndrome coronavirus (SARS)-CoV PL pro inhibited the proinflammatory signaling in HEK293 T cells upon MDA5 stimulation, which included decreased expression of CCL5 and IFN-β and decreased level of CXCL10 mRNA [34] . Another study on SARS-CoV PL pro found that IRF3 is ubiquitinated and that deubiquitinating activity of SARS-CoV PL pro was required for it to affect IRF3 [38] . SARS-CoV PL pro did not affect IRF3 in other means, such as dimerization or nuclear translocation [38] . DUB domain mutated PLP2 of Equine Arteritis virus (EAV) also increased in expression of IFN-β and IL-8 in equine long fibroblasts (ELF) [39] . PLP domain was also found in nsp3 protein, which will be discussed in a later section.
USP18 & USP20
STING is a transmembrane protein found in mitochondria and endoplasmic reticulum that regulates IFN-promotor activation at the downstream of RIG-I [40] . Zhang et al. studied the effect of USP18 (also known as UBP43) on STING and revealed that USP18 interacts with STING to affect IFN-promotor activity [41] . However, when USP18 -/-MEF cells with either WT USP18 or DUB activity-mutated USP18 were induced with HSV-1, HCMV or cytosolic DNA, Ifnb, Ifna4, Tnf, IL-6 or Cxcl1 genes increased in expression, indicating that the deubiquitinating activity of USP18 is not responsible for this phenomenon [41] . Subsequently, they searched for DUBs that interact with USP18 and found that knockdown of USP20 inhibited USP18-induced deubiquitination of STING and knockdown of USP18 inhibited USP20-induced deubiquitination of STING [41] . Immunoprecipitation revealed that STING, USP18 and USP20 are arranged as USP20-USP18-STING, but both USP20 and USP18 were associated with the N-terminus of STING [41] . USP20 deubiquitinated K33-or K48-linked ubiquitin of STING [41] . These results together supported that although USP18 does not deubiquitinate STING itself, USP18 recruits USP20 to deubiquitinate STING to suppress IFN synthesis [41] .
Another way that USP18 inhibited NF-κB activation is by deubiquitinating K63-Ub of TAK1 and NEMO [42] . USP18 strongly interacted with TAK1-TAB1 and DUB activity dependently deubiquitinated K63-Ub of TAK1 in 293 T cells [42] and in Th17 cells [43] . USP18 also decreased K63-Ub of NEMO [42] .
In a study by Malakhova et al., USP18 inhibited IFN-induced gene activation by affecting JAK-STAT signaling pathway in 293 T cells [44] . Their study showed that USP18 does not interact with IFNAR1, but with Box1-Box2 region of IFNAR2 to disrupt its interaction with JAK to inhibit JAK's tyrosine kinase activity in a DUB activity independent manner [44] . Consistent with this, USP18 knockout murine cells displayed hyperactivity towards type I IFN signaling, resulting in the increase of the level of phosphorylation of STAT1 and STAT2 [45] . USP18's interaction with IFNAR2 also interfered with IFNAR2's ability to recruit IFNAR1, hindering IFN I signaling [46] .
UL36USP
Herpes simplex virus 1 (HSV-1) invades a host and escapes its IFN-mediated innate immunity by encoding a large tegument protein, UL36, which has a motif with DUB activity, named UL36 ubiquitin-specific protease (UL36USP) [47] . When HEK293 T cells were transfected with markers of co-IP and UL36USP or the C40A (a DUB motif mutant) and then infected with SeV, the result showed reduction of ubiquitination of TRAF3 in cells with WT UL36USP, while C40A has no reduction of UL36USP's ubiquitination [48] . The result supported that UL36USP deubiquitinates TRAF3 molecules to inhibit IFN-promotor activation [48] .
In a different study regarding the function of UL36USP, it was found that UL36USP inhibits cGAS and STING dependent IFN-β production [49] . NF-κB activation from overexpressing STING, TBK1, IKKα and IKKβ was also inhibited, but not from overexpressing p65 [49] . In this study, human foreskin fibroblast (HFF) cells were infected with either HSV-1 or HSV-1 C40A mutant and stimulated with IFN stimulatory DNA [49] . As a result, the level of endogenous IκBα in HFF cells with mutant HSV-1 significantly decreased compared to HFF cells with WT HSV-1, supporting that UL36USP decreases the degradation of IκBα in a DUB activity-dependent manner [49] . Additionally, co-IP study in HEK293 T cells showed decrease in ubiquitination of IκBα in those transfected with WT UL36USP, but not in those transfected with C40A mutant [49] . Taken together, UL36USP deubiquitinates IκBα to inhibit its degradation, suppressing NF-κB activity [49] .
USP25
A study by Lin et al. revealed that USP25 is required for both DNA and RNA virus-induced signaling [21] . Supporting this claim, silencing USP25 in MEFs or mouse lymphatic fibroblasts (MLF) led to inhibition of expression of Ifna4, Tnf, and IL-6 upon triggering them with SeV, Vesicular stomatitis virus (VSV) or poly(I:C) [21] . Also, the level of IFNα and IL-6 was reduced in MLFs, BMDCs or FLT3LpDC cells with USP25 knockdown [21] . USP25's DUB activity was also found to be necessary for virus-induced signaling, as USP25 knockdown MEFs with WT USP25 reconstitution allowed expression of Ifnb, Ifna4 and IL-6 upon SeV or HSV-1 induction, while those with DUB activity mutant USP25 did not [21] . Overexpressing USP25 in HEK293 T cells resulted in reduction of IRF3 phosphorylation when stimulated with SeV, leading to inhibition of NF-κB activity [20] . ISRE reporter activity was also inhibited by USP25 in a dose-dependent manner [20] . Taking it one step further, Lin et al. uncovered that USP25 stabilizes TRAF3 in a DUB activity dependent manner by deubiquitinating K48-Ub of TRAF3 in bone marrow-derived macrophages (BMDM) cells, inhibiting TLR4 signalinginduced innate immune responses [21] .
Nsp3
The nonstructural protein 3 (nsp3) is a viral protein with deubiquitinating activity in its PLP2 domain, which was found in SCoV and in mouse hepatitis virus A59 (MHV-A59) [50, 51] . Infecting MEF cells with MHV-A59 did not result in detectable IFN-β induction, while infecting them with SeV (the control) did result in IFN-β responses [51] . When cells were given variants of nsp3, the IFN-β induction only took place in cells that lacked WT PLP2 domain [51] . When the PLP2 domain was present, IFN-β induction was suppressed upon viral infection [51] . Moreover, polyUb of IRF3, which is necessary for IFN-β induction, was deubiquitinated in the presence of PLP2, which was further confirmed by co-IP indicated formation of a complex of PLP2 and IRF3 [51] . This deubiquitination inhibited nuclear translocation of IRF3 [51] . In HEK293 T cells and MEF cells, K63-polyUb was also deubiquitinated by the PLP2 domain of nsp3, inactivating TBK1-IRF3 complex in the cytoplasm [52] .
MCPIP1
Monocyte chemotactic protein-inducing protein 1 (MCPIP1) is a protein, common to human and mouse, with DUB activity toward TRAF2, TRAF3 and TRAF6, thereby inhibiting JNK and NF-κB signaling [53] . A more recent study has uncovered through co-IP in SeV infected HEK293 T and HeLa cells that MCPIP1 interacts with IRF3 and through confocal microscopy that transfection with MCPIP1 inhibited nuclear translocation of IRF3 [54] . Additionally, the presence of MCPIP1 inhibited TRAF3 and TBK1 activated IFN-β expression [54] . Co-IP also revealed possibility of MCPIP1 to interact with IPS-1 and IKKε as well [54] .
A20
A20 (also known as TNFAIP3) inhibited LPS-induced NF-κB activity in MEF cells in a study by Boone et al. [30] . Upon further testing in HEK293 T, they found that WT A20, but not DUB activity domain mutant A20 removed K63-Ub from TRAF6 [30] .
In Raji cells, the N-terminal DUB domain of A20 interacted with and deubiquitinated IRF7 [55] . However, in vitro study showed no interaction between A20 and IRF7, which is likely due to requirement of other intracellular proteins [55] . IRF7 has been known to be activated by Epstein-Barr virus (EBV)'s oncoprotein called latent membrane protein 1 (LMP1) [56] . A20 has been known for a long time as a negative regulator of NF-κB pathway mediated by RIG-I. A20 does interact with RIG-I, and suppresses RIG-I-mediated NF-κB pathway [57] , but whether A20 deubiquitinates RIG-I or not still requires confirmation.
BPLF1
Similar to ORF64 in MHV68 [17] , BPLF1 is an EBV encoded large tegument protein with DUB activity that opposes TLR signaling in the host [58] . Gent et al.'s research revealed that BPLF1 deubiquitinates TRAF6 and NEMO in 293 T cells [58] . Immunoprecipitation in 293 T cells revealed that K63-Ub of TRAF6 and NEMO was reduced when WT BPLF1 was expressed, while mutant BPLF1 did not [58] . K48-Ub of IκBα was also identified as a target of BPLF1's DUB activity [58] .
BRISC
The BRCC36 isopeptidase complex (BRISC) is a nuclear DUB complex, composed of Abraxas, BRCC36, BRCC45 and MERIT40, capable of deubiquitinating K63-Ub [59] . In a study by Zheng et al., serine hydroxymethyltransferase (SHMT) formed a complex with BRISC to form BRISC-SHMT complex [59] . SHMT allowed interaction of BRISC with IFNAR1 to deubiquitinate K63-Ub of IFNAR1, reducing IFNAR1's internalization and degradation by lysosome [59] . Taken together, BRISC is the first DUB complex we discussed that works to actually increase responses to IFN.
TNF signaling pathways
TNF is a cytokine that plays a significant role in inflammation and regulation of immune cells. Since TNF shares some of its pathway with IFN, studies that focused on TNF rather than IFN are included in this section for the purpose of this review ( Fig. 4) (Table 1) .
USP4
USP4 was identified by studies to negatively regulate both TNF-αand IL-1β-induced NF-κB activation [60] [61] [62] . Jiang et al. observed that introducing small interfering USP4 (siUSP4) to decrease USP4 level in microglia from the spinal cord of Sprague-Dawley rats led to an increase in p-p65 and TRAF6 expression as well as secretion of TNF-α and IL-1β, all of which decreased upon introduction of HA-USP4 plasmid [60] . Xiao et al.'s study added on to this by demonstrating USP4's interaction and deubiquitination of TRAF2 and TRAF6, but not TRAF3, both in vivo, in HEK293 T cells, and in vitro [61] . As a result, USP4 negatively influenced TNF-α-induced-NF-κB activation-mediated cytokine induction, including IL-6 and IL-8 in A549 and H1229 cells [61] . USP4 also deubiquitinates TAK1 in HEK293 T cells [62] . USP4 also protected IκBα from degradation, [61] , a necessary step for TNF-α-induced NF-κB activation [63] . This was further supported by knockout of USP4 aiding IκBα degradation [61] .
OtuLi
L. infantum otubain (OtuLi) has been shown to induce inflammatory responses in peritoneal macrophages from C57BL/6, shown by production of TNF-α and IL-6 as well as lipid droplet synthesis [64] . Also Otuli demonstrated strong DUB activity on K48-Ub and weak activity on K63-Ub in vitro at pH 7.5 [64] .
USP25
We mentioned in a previous section that USP25 deubiquitinates TRAF3 and interacts with TRAF6, increasing expression of Tnf in HEK293 T cells [21, 22] , while in MEF cells, USP25 negatively affects TNF-α-induced NF-κB activation [20] .
A20
A20 also affects tumor necrosis factor receptor 1 (TNFR1) signaling pathway. In BMDMs and BMDC, A20 worked together with TAX1BP1 to interact with Ubc13, an E2 enzyme, resulting in the inhibition of E3 ligase activities of TRAF6, TRAF2 and cIAP1 [65] . Futhermore, A20 and TAX1BP1 participated in degrading Ubc13 upon IL-1 and TNF-α stimulation in MEF cells [65] .
A20's ZF4 motif was found to recruit A20 dimers to bind with RIPK1 in the TNFR signaling complexes and inhibit ubiquitination of K48-Ub and K63-Ub chains of RIPK1, hindering TNF signaling [66] .
In intestinal epithelial cells (IEC), A20 dimer interacted with the Ripoptosome (also known as complex IIa), which allowed ubiquitins on RIPK1 to sustain, increasing caspase-8 activation to promote TNF-induced apoptosis [67] . However, this effect was not DUB activity dependent [67] .
Cezanne
Cezanne is a DUB that belongs to the A20 subgroup of OTU family. Similar to A20, Cezanne also was shown to suppress NF-κB signaling by deubiquitinating K63-polyUb from RIPK1 [68, 69] and TRAF6 [70] . Also, Cezanne was recruited to the activated TNFR prior to deubiquitinating RIPK1, which was dependent on the ubiquitin-associated (UBA) domain of Cezanne [68, 69] . Consistnent with the findings, inhibiting Cezanne production via siRNA resulted in an increased production of IL-8 upon TNF-α stimulation [68] . Cezanne's DUB activity was required for inhibiting phosphorylation and degradation of IκBα [68] .
USP48
USP48 (also known as USP31) interacted with and deubiquitinated TRAF2 in beas2B cells [71] . A noteworthy fact is that TRAF2 in JNK pathway was targeted by USP48, but not TRAF2 in NF-κB signaling [71] .
TRAIL signaling pathways
TRAIL is a cytokine that binds to death receptors (DR) and induces apoptosis, especially in tumor cells. Its specificity for tumor cells have made TRAIL and its receptor as the targets for anti-cancer therapeutics. TRAIL inducing DUBs are also summarized in Table 1 .
BAP1
In a study of malignant mesothelioma, a loss of function mutation of BRCA associated protein 1 (BAP1) resulted in increased sensitivity fo TRAIL induction [72] . When testing for domains that play a role in TRAIL sensitivity in H226 MM cells, only ASXL1/2 binding site-mutated BAP1 and DUB domain-mutated BAP1 resulted reduction in rTRAIL sensitivity, indicating that ASXL1/2 binding sites play a role in TRAIL sensitivity [72] . This was in congruence with the fact that BAP1 binds to ASXL to form the Polycomb repressive deubiquitinase complex (PR-DUB) that deubiquitinates histone H2A [73] . Also, flow cytometry analysis confirmed that the mutation of C91A, or the deubiquitinating domain, of DUB resulted in decreased expression of DR4 and DR5 in H226 cells [72] . Only DR4 expression increased in H2818 cells upon BAP1 knockout [72] .
USP35
On the same line with BAP1, USP35 knockout also increased TRAIL sensitivity [74] . A study by Leznicki et al. introduced three isoforms of USP3 in HEK293 cells: USP35 iso1 , USP35 iso2 and USP35 iso3 , although the focus was on the first two [74] . USP35 iso2 was revealed as an integral membrane protein on endoplasmic reticulum, while USP35 iso1 was identified as a cytosolic protein [74] . Moreover, the proteins that they interacted with also varied [74] . USP35 iso2 led to ER stress, BAP31 cleavage and activation of caspase-8 and caspase-3, resulting in apoptosis [74] . USP35 iso2 upregulated C/EBP homologous protein (CHOP) and DR5 in U2OSFIpIn and HeLa FIpIn cells [74] . On the other hand, overexpressing USP35 iso1 exerted an opposite effect of delaying caspase-8 processing in TRAIL-induced apoptosis [74] . This effect was dependent on DUB activity [74] .
USP14 and/or UCHL5
b-AP15 is a small therapeutic molecule that inhibits USP14 and UCHl5 [75] . b-AP15 has been identified as an agent that increases TRAIL receptors on many types of cancer cells, increasing their likelihood to enter apoptosis via NK cells [76] . Introduction of b-AP15 in A549, HCT116 and Calu-1 cells increased the level of DR5, but not the other death-inducing signaling complex (DISC) components [77] . The increase in the level of DR5 protein was due to reduction in the degradation of DR5, leading to an increase in TRAIL-induced apoptosis [77] . In a different study, caspase-denependent apoptosis was increased in mantle cell lymphoma (MCL) cells when exposed to b-AP15, which was confirmed with addition of pan-caspase inhibitor zVAD-fmk, which resulted in an inhibition of apoptosis [78] . This study indirectly demonstrated that USP14 and/or UCHL5 partakes in decreasing DR5 expression.
MCPIP1
MCPIP1 is another DUB that decreases DR5 [79] . Exposing MDA-MB-231 cells to doxycycline (DOX) led to induction of MCPIP1, which then led to a decrease in DR5 [79] . Similarly, when A549 human lung cancer cells were exposed to MCP1, MCPIP1 level increased in a dosedependent manner, also resulting in a decrease in DR5 [79] . Likewise, DR5 level increased when MCPIP was knocked down via short hairpin RNA (siRNA) [79] . MCPIP1 successfully achieved this by deubiquitinating DR5, thereby stimulating lysosomal degradation of DR5 [79] . Also, the increase in DR5 level following MCPIP1 knockdown catalized the formation of DISC during the DR5-induced apoptosis [79] .
IL family pathways

USP25
We will now discuss DUBs that induce interleukins, which are listed in Table 2 . USP25 has been shown to deubiquitinate TRAF3 and TLR4 and to interact with TRAF6, increasing expression of IL-6 in MEF cells [21, 22] .
ORF64
On top of decreasing production of IFN [17, 18] , ORF64 in MHV68 also induced the production of IL-1β [19] . IL-1β production was dependent on NLRP3 and ASC, rather than AIM2 [19] .
USP4
USP4 negatively regulates IL-1β-induced NF-κB activation [60] [61] [62] . [19] Increase = inc. in production, + = induce positive effect.
ESI
Eeyarestatin I (ESI), a small molecule that inhibits deubiquitination, has been found responsible for blocking IL-1β release [80] . Lopex-Castejon et al., who reported this finding speculated UCH37 or USP14 was responsible for this phenomenon, but futher study showed that they do not regulate IL-1β secretion individually or cooperatively [80] . This result left possibility of an uncharacterized DUBs or an additional DUB(s) partaking in the process.
USP18
USP18 knockout murine splenocytes and naïve T cells produced more IL-2 compared to the WT splenocytes [43] . Under Th17 polarizing condition, IL-2 production was significantly higher in the USP18 knockout naïve CD4 + T cells compared to the WT naïve CD4 + T cells [43] . Also USP18 knockout naïve CD4 + T cells underwent hyperproliferation under Th17 polarizing condition, which was reversed by adding IL-2 neutralizing antibody [43] . Taken together, USP18 downregulates IL-2 synthesis and TCR-induced T cell proliferation [43] . Additional mechanism of action has been discussed in the previous seciton.
USP8
Dufner et al. found that USP8 was essential in T cell maturation and homeostasis, although it was not required for negative selection [81] . Inhibiting USP8 leads to decrease in IL-7ra mRNA as well as Ccr7 [81] . Also, IL-6, IL-12p70, IFN-γ and TNF levels were increased in the blood of Usp8 f/f Cd4-Cre mice than USP8 f/f [81] .
OTULIN
Deleting Otulin gene in mouse immune cells, T, B, natural killer cells (NK), dendritic cells (DC) and macrophage cells, resulted in production of cytokines specifically responsible for acute systemic inflammation, such as TNF, IL-1β, IL-6, MCP-1, MIP-1α and G-CSF [82] . Cytokines responsible for adaptive immunity were not affected by the deletion [82] . It is noteworthy that this study suggests that although many cytokines partake in the inflammatory response in murine cells without Otulin, the primarily responsible cytokine is TNF [82] .
Unlike in immune cells, deleting Otulin in myeloid cells resulted in activation of cytokines responsible for acute and chronic inflammation as well as autoimmunity, showing an increase in the level of 16 out of 25 cytokines tested [82] . Deficiency of Otulin in macrophages resulted in NF-κB activation without an induction, which was due to the inability to manage polyUb chains synthesized by linear ubiquitin chain assembly complex (LUBAC) [82] . Another study found that OTULIN overexpression inhibited TNF-α-induced nuclear translocation of p65 in HEK293 T cells [83] . Interestingly, both WT and DUB domain mutant OTULIN disabled LUBAC-induced NF-κB activation, indicating that OTULIN-mediated Met1-polyUb is not the only factor influencing NF-κB activation [83] . OTULIN has also been identified to deubiquitinate Met1-polyUb of RIPK1 and inhibited the binding of NEMO and RIPK1, blocking the TNF-α-induced NF-κB response [83] .
BPLF1
EBV BPLF1 suppresses IFN production, but IL-8 production by cells upon MALP-2 ligand stimulation was also abrogated upon BPLF1 expression [58] . EBV BPLF1 suppressed production of proinflammatory cytokine IL-8 in 293-TLR2/CD14 cells [58] .
Trabid
Trabid is a DUB from OTU family, translated from the gene Zranb1 [84] . Upon Zranb1 knockout in mice, IL-6, Tnf, IL-12a, IL-12b and IL-23a displayed a decrease in expression [84] . Trabid's deubiquitinating activity was necessary for recruiting c-Rel and p50 to IL-12 promoter by influencing histone modifications [84] . Knockout of Trabid rendered BMDC incapable of producing IL-12 and IL-23, leading to a decrease in the number of differentiation of CD4 + T cells to T H 1 and T H 17 cells, which was reversible with adding IL-12 and IL-23 [84] .
Chemokines
Not many studies have focused their study objectives on discovering relationship between chemokines and DUBs. Some discovered interactions are listed in Table 2 .
Cytokine-inducible DUBs
We have discussed how DUBs induce cytokine production, signaling and effects. Compared to DUB's effects on cytokines, cytokine-inducible DUBs are far less studied due to the difficult nature of planning such studies. However, this information can be as important as DUB-induced cytokines. We will now discuss some known examples of cytokine-inducible DUBs, as listed in Table 3 .
DUB-1
DUB-1 is one of the early identified cytokine-inducible DUBs. Studying the sequence of DUB-1 gene, unveiled that it contained a IL-3 inducible enhancer in Ba/F3 murine lymphocyte cell line [85] . The timing of IL-3 induced DUB-1 mRNA increase was identified as early G1 phase [85] . Moreover, when DUB-1 was constitutively expressed, majority of Ba/F3 cells were arrested in G 1 phase of the cell cycle, which was DUB activity dependent [85] . Induction of DUB-1 was dependent on viable JAK2 and Raf-1, but not STAT5, suggesting that DUB-1 expression is dependent on two pathways: JAK2 and Ras/Raf-1/MAPK pathway [86] . IL-5 and granulocyte-macrophage colony-stimulating factor (GM-CSF) also induced DUB-1 transcription, which supported that β common (βc) subunit plays a part [87] .
DUB-1A decreased in expression when JAK2 was suppressed, also suggesting DUB-1A to be affected by IL-3 and JAK2 pathway [88] .
DUB-2
DUB-2 is similar to DUB-1 in its sequence of amino acids and is also induced by JAK2/STAT5 pathway [89] . However, unlike DUB-1, DUB-2 was induced only by IL-2 in T cells, but not by IL-3 [90] . DUB-2 also Increase = inc. in production. + = induce positive effect.
showed increase in JAK/STAT signaling pathway products by decreasing IL-2 induced dephosphorylation of STAT5 [89] . Also, DUB-2 decreased apoptosis in Ba/F3 cells upon withdrawal of cytokines [89] . The mechanism by which DUB-2 achieves these effects needs to be further studied.
In myeloid 32D cells, DUB-2 stabilized CSF3R and increased its signaling activity by decreasing lysosomal degradation of CSF3R by deubiquitinating it, leading to prolongation of STAT5 phosphorylation in CSF3 signaling pathway [91] .
On the other hand, DUB-2A is a DUB expressed in hematopoietic cells, such as B and T cells [92] . Unlike DUB-2, which was more expressed by IL-2, DUB-2A was further expressed upon exposure to IL-3 [92] . Although similar to DUB-1 induction by IL-3 [85] , DUB-2A induction by colony-stimulating factor 3 (CSF3) in myeloid 32D cells did not require Erk [91] .
DUB-3
DUB-3 (also known as USP17) is a cytokine-inducible human DUB that was found to deubiquitinate SDS3 and block proliferation in HeLa cells [93] . In mRNA level, DUB-3 expression increased in Raji cells when treated with IL-4 and in U937 cells when treated with IL-6 [94] . DUB-3 also influenced the Ras/MEK/ERK signaling pathway and deubiquitinated Ras converting enzyme 1 (RCE1), decreasing proliferation of cells [95] .
Otud-6B
Otud-6B, a DUB from OTU family, was upregulated in a mouse pro-B cells, Ba/F3 cells, upon cytokine stimulation [96] . Stimulation with IL-3, IL-4, IL-13 or GM-CSF resulted in a dose-dependent increase of Otud-6B mRNA in the first 0 to 2 h of stimulation, but quick decrease was observed from 4 to 6 h [96] . Overexpressing Otud-6B in Ba/F3 cells resulted in downregulation of proliferation and increased the frequency of apoptosis [96] .
USP18
USP18 has been known to be induced by viral infection, genotoxic stress or interferon [97] . Consistent with this, USP18's mRNA level increased in THP-1 cells and THP-1-derived macrophages upon exposure to IFN-β [42] . Furthermore, TLR ligands, LPS, Pam3CSK4 and CL097 all gave the same result of increased mRNA level of USP18, supporting that TLR-induced signaling pathway induces USP18 expression [42] .
USP48
Exposure to TNFα caused GSK3β-mediated phosphorylation of USP48, leading to deubiquitination of TRAF2 in beas2B cells, increasing JNK signaling upon TNF-α-induction [71] .
A20
A20 was identified since 1990 as a TNF-α-induced DUB in human umbilical vein endothelial cells (HUVEC) [98] .
Cezanne
mRNA of Cezanne quickly increased in HEK293 and HUVEC cells upon exposure to TNF-α, but not upon shear stress [68] .
Conclusion
We have discussed some known cases of DUB-regulated cytokines and cytokine-inducible DUBs. Cytokines are intertwined in numerous cellular processes and DUBs are closely related to cytokines. This review dealt with many DUBs, but less than half of all known DUBs are discussed. Moreover, we cannot say for certain that all the functions of the DUBs discussed here are discovered. This grants us to further investigate the molecular mechanism and their effects. Studying DUBs and their effects could enlighten us with a novel therapeutic approach to various diseases, including but not limited to immunological diseases and cancer.
